Bevacizumab (BEV) is increasingly used to treat recurrent glioblastoma (GBM) with some reported improvement in neurocognitive function despite potential neurotoxicities. We examined the effects of BEV on cerebral blood flow (CBF) within recurrent GBM tumor and in the contralateral middle cerebral artery (MCA) territory. Post-chemoradiation patients with histologically confirmed GBM were treated with BEV and underwent routine, serial tumor imaging with additional pseudocontinuous arterial spin labeling (pcASL) following informed consent. Circular regions-of-interest were placed on pcASL images directly over the recurrent tumor and in the contralateral MCA territory. CBF changes before and during BEV treatment were evaluated in tumor and normal tissue. Linear mixed models were used to assess statistical significance. Fifty-three pcASL studies in 18 patients were acquired. Evaluation yielded lower mean tumoral CBF during BEV treatment compared with pre-treatment (45 AE 27 vs. 65 AE 27 ml/100 g/min, p ¼ 0.002), and in the contralateral MCA territory during, compared with pre-BEV treatment (35 AE 8.4 vs. 41 AE 8.4 ml/100 g/min, p ¼ 0.03). The decrease in mean CBF tended to be greater in the tumoral region than in the contralateral MCA, though the difference did not reach statistical significance (31% vs. 13%; p ¼ 0.082). Conclusions: BEV administration results in statistically significant global CBF decrease with a potentially preferential decrease in tumor perfusion compared with normal brain tissue.
Introduction
Glioblastoma multiforme (GBM), a World Health Organization grade IV tumor with a dismal prognosis, 1 is often associated with extensive angiogenesis due to tumor secretion of, and the local effects exerted by vascular endothelial growth factor (VEGF), a major regulator of angiogenesis, and other cytokines. 2, 3 Over the past two decades, various anti-angiogenic agents have been developed in an attempt to inhibit VEGF, and have shown promise in treating various solid tumors. [4] [5] [6] [7] Bevacizumab (BEV), a humanized monoclonal antibody, has been increasingly used for the treatment of GBM, alone or in conjunction with other chemotherapeutic agents and radiation therapy, with reports of mild prolongation of life expectancy via the proposed mechanism of VEGF receptor-A antagonism. 1, 8 BEV has been reportedly associated with improved neurocognitive function (NCF), exemplified by a recent study reporting a majority of patients with recurrent GBM treated with BEV alone demonstrated stable or improved NCF during the first six weeks of therapy and overall improvement in quality of life. 9, 10 However, BEV administration has also been associated with several potentially severe side-effects in adults including thromboembolic phenomena, [11] [12] [13] [14] cognitive disturbances, dizziness, nausea, mild confusion and headache, and more recently a decrease in quality of life, 16 suggesting that the reduction of circulating VEGF may have effects on CBF within both tumor and normal brain. Therefore, we evaluated the effect of BEV therapy on the CBF of both the recurrent GBM itself as well as brain tissue distant to the tumor, specifically in the contralateral gray matter of the MCA territory, using pseudocontinuous arterial spin labeling (pcASL), a noncontrast, quantitative, reproducible 17, 18 MRI-based CBF technique that has previously been shown to favorably compare with CBF values obtained using dynamic susceptibility contrast perfusion weighted imaging [19] [20] [21] and Xenon-CT.
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Methods
Patient Population and Study Design
This was a single-center, retrospective study approved by the Institutional Review Board, and was Health Insurance Portability and Accountability Act compliant. Informed consent was obtained from all subjects, who were clinical oncology patients seeking treatment for GBM throughout the study period.
Inclusion criteria consisted of the pathological diagnosis of GBM with subsequent tumor recurrence, treatment with BEV and pcASL MRI sequence acquisition performed before and/or during BEV treatment. All subjects underwent standard of care clinical workup consisting of resection and/or biopsy to establish a pathological diagnosis of GBM. An initial Stupp protocol was followed for all subjects consisting of radiotherapy (XRT) administered in conjunction with temozolamide (TMZ). Additional administered chemotherapy routinely included TMZ and/or lomustine (CCNU), and may have potentially included the following additional agents: verubulin, erlotinib, carboplatin, MEDI-575, carmustine (BCNU), etirinotecan pegol (NKTR-102) prior to, or concurrent with BEV therapy. In some, radiation therapy was performed in conjunction with TMZ. Some subjects also received human corticotropin-releasing factor and/or imatinib mesylate during therapy. All subjects included in this study were diagnosed with recurrent GBM based upon clinical and/or conventional radiological data interpreted by a neuro-oncologist, based upon current RANO criteria. 23 Pseudoprogression was not observed in any of the included cases. While specific BEV dosing regimens varied slightly from patient to patient dependent upon specific side-effects and patient tolerance, the typical dosing scheme was comprised of 7.5-10 mg/kg every two to three weeks, considered standard dosing used in current GBM therapy.
Imaging Protocol
The study period lasted from October 2008 to January 2012. Subjects with pathologically proven GBM underwent routine tumor MR imaging with additional pcASL sequence at 1.5T and 3 T. Two outpatient 3 T (Discovery 750; GE Healthcare, Milwaukee, WI, USA) and two 1.5 T (Signa; GE Healthcare, Milwaukee, WI, USA; one inpatient, one outpatient) MR scanners were used. All subjects received standard tumor imaging, which included: a three-plane single-shot FSE T2-weighted localizer, sagittal T1-weighted spin-echo (TR/TE, 500/22 ms), axial diffusion-weighted (TR/TE, 6000/70 ms; b ¼ 0 and 1000 s/mm 2 ), axial gradient-echo (TR/TE, 600/30 ms), T2-weighted FSE (TR/TE, 4717/ 85 ms), axial fluid-attenuated inversion recovery (TR/ TE/TI, 8802/110/2200 ms), and three-plane T1 postcontrast (TR/TE 600/15 ms) images following injection of 0.1 mmol/kg of a gadolinium based contrast agent. All anatomic imaging was performed with 5-mm section thickness, 0-1.5-mm skip, and 24-cm FOV. In a select few patients, gradient-echo bolus dynamic susceptibility contrast (DSC) perfusion weighted images were acquired at the same imaging session, prior to the acquisition of the three-plane T1-weighted postcontrast images, using single-shot echo planar imaging (TR/TE 2000/60 ms) and a single dose (0.1 mmol/kg) of a gadolinium-based contrast agent injected via a powerinjector at a rate of 4 mL/s as previously described 24 . DSC perfusion parameters and parametric maps were obtained using the automated RAPID post-processing toolbox. 24, 25 pcASL imaging without vessel suppression was serially performed with a 3D background-suppressed fastspin-echo stack-of-spirals readout module with eight inplane spiral interleaves, 512 data points per arm, and three NEX, as previously described and quantified with identical DSC parameters. 20, 24, [26] [27] [28] A labeling period of 1500 ms and a post-label delay of 2000 ms were employed, with the labeling plane at the level of the foramen magnum, and in-plane and through-plane resolution of 3 and 4 mm, respectively, acquired in under five minutes. CBF quantification (in mL/100 g/ min) was performed following M0 map incorporation as previously described, using an automated script. 22 
ROI Placement
pcASL images were co-registered to three-plane postcontrast T1 weighted and axial T2 FLAIR images in OsiriX, 29 with subsequent ROI placement performed without knowledge of BEV administration, patient disposition, treatment status, or additional clinical parameters. Two uniform, 5-mm-diameter circular ROIs, similar to, 30 were drawn on pcASL images over definable tumor regions (placed over enhancing tumor in the case of unresectable tumors, and over new enhancing peritumoral regions immediately adjacent to the resection cavity in the case of prior tumor resection), and manually maneuvered over pcASL images to obtain the highest maximal tumoral CBF value. Both maximal and mean CBF values for each ROI were recorded. Two additional, uniform, 5-mm-diameter circular ROIs were then placed in the gray matter of the contralateral MCA territory on an imaging slice 40 mm below the vertex, using the co-registered FLAIR and T1-weighted images as a guide. Mean CBF values for ROIs were then averaged for each location and recorded. Care was taken to avoid placement of ROIs over cortical and large intracranial vessels.
Quantitative Analysis
Continuous variables were summarized as mean AE standard deviation (SD). Linear mixed models (LMMs) were used to estimate the mean CBF before and during BEV treatment and to test CBF changes between the before and during BEV period. Tumoral and contralateral MCA CBF were modeled separately. This method is able to efficiently incorporate the variable number of scans of each subject, even for subjects who only had imaging either before or during BEV (non-paired). 31 A random intercept term was included to account for the correlation between repeated measurements. Based on these models, the change in CBF was tested using Wald tests. The non-parametric bootstrap was used to test for differences in mean CBF between the tumoral and contralateral MCA models.
Per-patient resampling was performed to retain the dependence between repeated measurements. 32 All statistical calculations were conducted with the statistical computing language R (version 2.14.1; R Foundation for Statistical Computing, Vienna, Austria). Throughout, two-tailed tests were used with p<0.05 defined as statistical significant. Table 1 .
Results
An example of acquired subject imaging in this group is provided in Figure 1 . Mean CBF before and during BEV administration is summarized in Table 2 . Before BEV, mean CBF was higher within the tumoral region than in the contralateral MCA (65 AE 27 vs. 41 AE 8.4 mL/100g/min; p ¼ 0.002). The difference in mean CBF between the tumoral region and contralateral MCA was no longer statistically significant during BEV administration (45 AE 27 vs. 35 AE 8.4 mL/100g/min; p ¼ 0.11). The mean CBF in the tumoral region decreased 31% during BEV treatment compared to the pre-BEV period (p ¼ 0.002). Mean CBF also decreased significantly in the contralateral MCA region during BEV treatment (p ¼ 0.03). The drop in mean CBF tended to be larger in the tumoral region than the contralateral MCA but did not reach statistical significance (31% vs. 13%; p¼0.08). Graphical plots of ROI-derived mean CBF values obtained in the GBM tumoral region and in the contralateral MCA territory gray matter relative to time from commencement of BEV treatment for all eighteen subjects are presented in Figures 2 and 3 , respectively.
Discussion
Glioblastoma multiforme (GBM) is the most common and fatal form of primary brain malignancy in adults, and similar to other solid tumors, has a strong angiogenic component which serves both as a key patho-diagnostic marker and a major contributor to its aggressive phenotype. Among the many cytokines mediating angiogenic proliferation, VEGF is a well studied, well-known angiogenic factor and a common target of anti-angiogenic inhibitors, including BEV. 8 The tumoricidal component of BEV therapy is thought to affect target tissue through its function as an inhibitor of blood vessel formation and subsequent reduction in tumor perfusion. However, it is unclear how targeted a therapy BEV really is. Despite its use in treating patients with glioma, little is known about the effects of BEV on tumor perfusion, and more importantly, on cerebral perfusion in areas of normal brain. This latter point is relevant to the potential toxicities of BEV that have been reported, such as thromboembolic disease, [11] [12] [13] [14] lightheadedness, dizziness, and cognitive decline. 15, 33 Arterial spin labeling (ASL) provides a robust and reliable measure of CBF without the need for an exogenous, intravenous contrast agent, is easily repeatable, and relatively rapid, requiring less than five minutes of clinical scan time. Relative to gadolinium-based dynamic susceptibility contrast perfusion imaging, the pcASL technique is less affected by damage to the blood brain barrier either prior to, or after tumor resection, thus potentially offering improvements in CBF quantification, and in evaluating GBM. 34 A review of the literature reveals several recent publications describing generally reduced CBF in the tumoral and peritumoral regions prior to BEV treatment, which subsequently increases to approach the CBF of the contralateral, presumably normal brain following BEV treatment. 35, 36 This observation has been termed ''vascular normalization''. [35] [36] [37] [38] However, in our study, we observed generally elevated peritumoral CBF prior to initial BEV treatment, which subsequently decreases following treatment with BEV. One explanation for this discrepancy is that, unlike the current study, these prior studies utilized an ASL sequence with crusher gradients meant to suppress ASL signal from large vessels. It is worth noting that other sources have similarly reported decreased intratumoral perfusion upon successful treatment with VEGF-blocking therapies. [39] [40] [41] Given the generally unknown and probably larger vessel size in GBM, [42] [43] [44] [45] [46] [47] non-vessel suppressed pcASL enables evaluation of both the macro-and micro-vascular CBF components, and could be argued to represent a more accurate measure of true CBF given that blood in large vessels surrounding the tumor is ultimately destined to perfuse the tumor itself.
The intra-tumoral effects of BEV on CBF have been recently documented using arterial spin labeling in a mouse xenograft tumor model 41 with reported initial decrease in tumoral perfusion observed upon BEV administration similar to the findings observed in the current study, purportedly related to alteration in tumor vascularity. However, the effects that BEV may exert on overall CBF have not been evaluated. This study was limited by a relatively small sample size and the retrospective study design, which in particular led to heterogeneity in frequency and availability of imaging relative to BEV treatment and required the use of complex statistical modeling. Proximal and concurrent chemo-and radiotherapies may have confounded our results, and a prospective study evaluating the initial effects of chemoradiation and other therapies on CBF in the contralateral cerebral hemisphere would be of significant benefit. In addition, CBF may vary substantially due to any number of individual and short-term factors, such as caffeine intake, which were not controlled in this study. Finally, we were not able to correlate NCF with ASL-derived CBF in this study. Given these limitations, the results suggest that BEV preferentially reduces CBF in recurrent GBM tumor, but appears to have a smaller but significant effect on the CBF of normal brain tissue.
Conclusion
Our results suggest that a statistically significant reduction in CBF is observed both within the recurrent GBM tumor and within the unaffected, presumably normal cerebral hemisphere during treatment with BEV. In addition, the magnitude of the decrease in the latter appeared to be smaller than in the recurrent tumor during the same time period, although this difference approached, but did not reach, statistical significance, suggesting that BEV may preferentially reduce CBF in GBM relative to normal brain. The effects of BEV on normal brain may account for some of its reported toxicities. Larger, prospective studies are needed to better assess how precisely targeted are the therapeutic effects of BEV.
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